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Carrier doping of graphene is one of the most challenging issues that needs to be solved to enable its use in
various applications. We developed a carrier doping method using radical-assisted conjugated organic molecules in
the liquid phase and demonstrated all-wet fabrication process of doped graphene films without any vacuum
process. Charge transfer interaction between graphene and dopant molecules was directly investigated by
spectroscopic studies. The resistivity of the doped graphene films was drastically decreased by two orders of
magnitude. The resistivity was improved by not only carrier doping but the improvement in adhesion of doped
graphene flakes. First-principles calculation supported the model of our doping mechanism.
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Graphene, a single atomic layer of sp2 graphitic carbon, has
received a lot of attention because of its attractive electro-
mechanical properties and its potential applications for the
‘next-generation’ electronic devices [1-5]. Although mech-
anically cleaved graphene exhibits excellent electrical per-
formance, such as a highest carrier mobility of over
200,000 cm2 · V−1 · s−1 [6]. The rate of production when
using this mechanical exfoliation method is extremely lim-
ited. Therefore, there has been considerable impetus to dis-
cover a scalable production technique. Among the possible
candidates, a chemical exfoliation method based on a liquid
process is considered to now be well established. One of
the greatest advantages of the chemical exfoliation method
is that chemically derived graphene can be deposited or
formed into films on any large-area substrate [7,8]. Ease of
modification and/or functionalization of the graphene are
also reasons why the chemical method is widely accepted
[9,10]. Furthermore, it has been focused on as a new tun-
able platform for optical and other applications [11-14].* Correspondence: ishikawa.r.ab@m.titech.ac.jp; ko@eiiris.tut.ac.jp
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in any medium, provided the original work is pCarrier doping is a common approach to tailoring the
electronic properties of semiconductor materials. Carrier
doping can also dramatically alter the electrical properties
of graphene. Although several techniques aimed at the car-
rier doping of graphene have been demonstrated, including
boron- or nitrogen-substitutional doping [15,16], the de-
position of alkali metal atoms [17], and the adsorption of
gaseous NO2 [18], these doping methods have never
achieved significant doping effects due to defect formation,
inhomogeneous deposition, and the instability of gaseous
species, respectively. Molecular doping, such as halide
[19,20] or polymer [21,22], is a promising technique for
pristine graphene films. However, effective doping method
for chemically derived graphene has never been demon-
strated. Tetracyanoquinodimethane (TCNQ) is well known
as a powerful electron acceptor, and is expected to favor
electron transfer from graphene into TCNQ molecules,
thereby leading to p-type doping of graphene [23,24]. Con-
jugated organic molecules such as these have been widely
used in organic light-emitting diodes to improve device per-
formance by controlling the hole injection barrier [25]. Effi-
cient doping of organic semiconductors, of carbon
nanotubes, and of graphene has been demonstrated.
We demonstrate herein a novel carrier doping method
for chemically derived graphene using radical-assisted con-
jugated organic molecules in the liquid phase. It is expected
that liquid-phase chemical interactions between graphenean Open Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
Ishikawa et al. Nanoscale Research Letters 2013, 8:534 Page 2 of 7
http://www.nanoscalereslett.com/content/8/1/534and conjugated organic molecules induce high doping effi-
ciency. Absorbance measurements provide direct evidence
for charge-transfer (CT) interactions between graphene
and radicalized TCNQ molecules in an organic solvent. Ra-
man spectroscopy and ultraviolet photoelectron spectros-
copy (UPS) have also been used to elucidate the effects of
doping on doped graphene films, which showed improve-
ments in resistivity of two orders of magnitude with highly
stable doping effect. Previous attempts at carrier doping for
chemically derived graphene have never decreased the re-
sistivity by more than one order of magnitude [26]. The
doping mechanism of the chemical doping is investigated
using first-principles calculation based on density functional
theory. Our doping method is compatible with the wet pro-
duction technique of chemical-exfoliated graphene. The
doped graphene films can be formed by the all-wet process
via the radical-assisted chemical doping method as demon-
strated in this work.
Methods
Preparation and reduction of graphene oxide
Chemically derived graphene was synthesized using a modi-
fied version of Hummer's method, a well-known approach
to producing monolayered graphene via the liquid-phase ex-
foliation of graphite oxide, as described previously in the lit-
erature [27]. Natural graphite powder was donated by SEC
Carbon Ltd. (Tokyo, Japan). All other chemicals were pur-
chased from Kanto chemical Co. Ltd. (Sakado, Japan) and
used directly without further purification. Chemically de-
rived graphene was synthesized by the modified Hummer's
method, a well-known approach to produce monolayered
graphene via liquid-phase exfoliation of graphite oxide. Nat-
ural graphite powder (SEC Carbon SNO-30) was oxidized
in KMnO4 and H2SO4. After centrifugation, the resulting
graphite oxide was exfoliated into graphene oxide (GO) by
ultra-sonication (100 W, 30 min, 60°C). Then, a GO aque-
ous dispersion was produced by centrifugation and dialysis
to neutralize a pH.
A reduction step of GO into graphene plays an essential
role to determine the electrical properties of the resulting
graphene films. GO was reduced as follows: GO was dis-
persed in aqueous solution containing N2H4, a strong reduc-
tant, with NH3 to adjust pH. The mixed solution was
reacted in a water bath at 95°C for 1 h, and the color of dis-
persion changed from brownish color to gray. Finally, the
solvent of reduced graphene oxide (RGO) dispersion was re-
placed by N,N-dimethylformamide (DMF) using an evapor-
ator. RGO can be dispersed well in many kinds of organic
solvents including DMF, while it is easily aggregated in aque-
ous solution because of its low electrostatic repulsion force.
Doping and film fabrication
Doping graphene via charge transfer by TCNQ mole-
cules was carried out as follows. First, 0.01 g of TCNQpowder (>98.0%, Tokyo Chemical Industry Co. Ltd.,
Tokyo, Japan) was dissolved into 5 ml of DMF solvent.
Then, 5 ml of RGO dispersion and radicalized TCNQ in
DMF were mixed and stirred for 1 week at room
temperature. The color of mixture solution changed
from yellow-green to orange. Our graphene films were
deposited on glass substrates (Corning7059) by a spray
coat method at a substrate temperature of 200°C in an
atmosphere containing the solvent vapor. The thickness
of the films was controlled by varying the spray
amounts.
Characterization
The Raman spectroscopy was measured with a Jasco
NRS-1000 (excited by a 532-nm green laser; Easton,
MD, USA). Absorbance and transmittance spectra were
obtained with Shimadzu SolidSpec3700 UV–vis by using
a quartz cell for absorbance measurements. The sheet
resistance was measured by van der Pauw method at
room temperature in air. The presence of monolayered
GO flakes in our synthesized GO aqueous solution was
verified by atomic force microscope images by Raman
peak shifts and by the peak shape of the second-order
two-phonons process peak at 2,700 cm−1, referred to as
the 2D band. The size of the flakes is up to 50 × 50 μm2.
After liquid phase reduction by N2H4 and NH3, the solv-
ent of the RGO aqueous solution was replaced by DMF
using an evaporator. RGO can be dispersed well in many
kinds of organic solvents including DMF, while it is easy
to aggregate in aqueous solution due to its low electro-
static repulsion force. The conductivity and the Hall car-
rier mobility of individual monolayered RGO flakes were
as high as 308 S · cm−1 and 121 cm2 · V−1 · s−1, respect-
ively. Hall measurements were conducted in air at room
temperature using Hall-cross geometry and Au/Ti
electrodes.
Calculation details
The electronic structural analysis is carried out using the
SIESTA3.1 code, which performs fully self-consistent
calculations solving the Kohn-Sham equations [28]. The
Kohn-Sham orbitals are expanded using linear combina-
tions of pseudo-atomics orbitals. The double-zeta polar-
ized (DZP) basis set was chosen in this study. The
calculations were done with the local density approxima-
tion (LDA), using the Ceperley-Alder correlation as pa-
rameterized by Perdew and Zunger [29]. The electron-
ion interaction was treated by using norm-conserving,
fully separable pseudo-potentials [30]. A cutoff of 200 Ry
for the grid integration was utilized to represent the
charge density. Two TCNQ molecules on and under the
(4 × 4), (6 × 6), or (8 × 8) graphene supercell units were
simulated for full relaxation of the systems. The Bril-
liouin zone was sampled by 20 × 20 × 1 k-points using
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calculations. It is necessary to ensure that the z axis of
the periodic supercell (normal to the graphene surface)
is large enough so that there is negligible interaction be-
tween the two graphene sheets. A distance of 170 Å
along the z axis is found to be sufficient to ensure the
energy convergence for configurations.
Results and discussion
Doping of graphene via CT by using TCNQ molecules
was carried out as follows: first, TCNQ powder was dis-
solved into DMF solvent. It is expected that TCNQ mol-
ecules in DMF will be radicalized [31]. Then, the RGO
dispersion (0.25 wt.%) and the radicalized TCNQ in
DMF were mixed and stirred for 1 week at room
temperature. This RGO-TCNQ mixture dispersion was
very stable over a few months, and there was no clear
evidence of aggregation. We observed the absorbance
spectra of this mixture dispersion to investigate CT in-
teractions between RGO and TCNQ in a solvent
(Figure 1). The absorption peak at about 800 nm in the
spectrum of TCNQ (shown in blue), which comes from
the TCNQ radical species in the DMF network, disap-
peared in the spectrum of the RGO + TCNQ mixture
(shown in red). In addition, the strongest absorption
peak at 400 nm shifted to 500 nm after the reaction.
Such a red shift is also observed in TCNQ with coal aro-
matics systems [31]. This peak shift was supported by a
color change of mixture solution from yellow-green to
orange, as shown in the picture inset in Figure 1. TheseFigure 1 Absorbance spectra of RGO + TCNQ mixture solution
(red line) and radicalized TCNQ solution (blue line). The inset
image shows a photograph of DMF (colorless), TCNQ in DMF
(yellow-green), and a RGO + TCNQ mixture solution (orange),
respectively. The absorption peak at around 800 nm in the spectrum
of TCNQ, which is derived from the TCNQ radical species in the DMF
network, had disappeared in the spectrum of the RGO + TCNQ
mixture. Additionally, the strongest absorption peak at 400 nm
shifted up to 500 nm after the reaction with RGO.spectral changes indicate that radicalized TCNQ mole-
cules in the DMF network were almost all adsorbed on
the RGO flakes and induced the CT interaction.
We made an attempt to conduct a Raman spectro-
scopic study of RGO + TCNQ films fabricated by spray
coating and of TCNQ single crystals in order to elabor-
ate the CT interaction. The obtained Raman spectra are
summarized in Figure 2. The Raman spectrum of the
TCNQ single crystal exhibited the stretching vibration
modes of C ≡N (2,227 cm−1), C = Cring (1,603 cm
−1), and
C = Cwing (1,455 cm
−1), and a bending vibration mode of
C-H (1,207 cm−1). We observed all of the Raman peaks
originating from TCNQ molecules in the spectrum of
the RGO + TCNQ complex. However, these peaks
shifted from those of the TCNQ single crystal relative to
each other. The C = Cring stretching and C-H bending vi-
brations that appeared at 1,580 cm−1 and at 1,179 cm−1
respectively were similar to the vibration modes in a
benzene ring. This indicated that the quinoid ring of the
TCNQ molecules transformed to a benzene ring after
CT, as in the case of adsorbed TCNQ on single-wall car-
bon nanohorns [32]. Meanwhile, the C ≡N stretching vi-
bration shifted up to 2,210 cm−1 in the RGO + TCNQ
complex sample. The degree of charge transfer, Z, was
estimated at 0.39 from the C ≡N vibration frequency,
which should be a linear function of Z [33]. Moreover,
we also examined doping effect from surface adsorption
by immersing pristine RGO films in a TCNQ dispersion
for comparison [34]. The sheet resistance was also im-
proved because the surface electrons of the RGO film
were withdrawn by adsorbed TCNQ molecules, asFigure 2 Raman spectra of fabricated films. From RGO + TCNQ
complex film (red line), RGO film (black line) and TCNQ single crystal
(blue line) with an image of TCNQ molecular structure. The Raman
spectrum of the RGO + TCNQ complex consists of peaks from TCNQ
and RGO (and other unknown peaks). The shifts in the Raman peaks
from the TCNQ in RGO + TCNQ complex indicates a charge
transfer interaction.
Figure 3 Schematic images of doped RGO films by surface adsorption (a) and RGO + TCNQ complex films (b).
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was estimated at 0.27 from the C ≡N vibration fre-
quency in the Raman spectra. Doping effects from the
surface adsorption were limited by the amount of
adsorbed molecules, due to the strong intermolecular re-
pulsive interaction [35,36]. On the other hand, our RGO
+ TCNQ complex films, which are shown as a schematic
image in Figure 3b, were improved in terms of sheet re-
sistance from those in previous reports [19,21,26]. It is
expected that the notable doping effect was principally
achieved by the strong mutual reaction between radical-
ized TCNQ molecules and RGO flakes in the liquid
phase, as predicted from the absorbance spectra. Fur-
thermore, the TCNQ-RGO interaction might accelerate
and improve the stacking of films during film fabrication
[35,37]. We presumed that these phenomena supported
the existence of a high doping effect and a high degree
of charge transfer (Z = 0.39).
Additional evidence for the CT interaction was ob-
tained via UPS using He1 radiation (hν = 21.2 eV). We
measured the UPS spectra of doped and non-doped
RGO films under an applied sample bias voltage of
−9 eV. The work function (Φ) increased by 0.4 eV from
pristine RGO films relative to the RGO + TCNQ films as
shown in Figure 4. The change in the surface workFigure 4 Secondary electron cut-off region UPS spectra of
doped and non-doped RGO films.function (ΔΦ) might be mainly caused by the Fermi level
(EF) shifting towards the Dirac point (ED) due to hole
doping from TCNQ via CT, and the interface dipole ef-
fect for the TCNQ + RGO films might be smaller than
that induced at a deposited F4-TCNQ/graphene inter-
face [34,38].
The extent of charge transfer between TCNQ and gra-
phene was estimated using the Mülliken population ana-
lysis based on first-principles calculation. The amounts
of charge transfer and adsorption energy [35] for the
possible configurations of TCNQ/graphene were sum-
marized in Table 1. Our calculation also supported the
limited charge transfer due to strong intermolecular re-
pulsive interaction [35,36]. The effective charge transfer
was found to be around 0.47 e per single TCNQ mol-
ecule when graphene sheet was sandwiched by two
TCNQ molecules with the lowest adsorption energy, al-
though maximum charge transfer amount was only 0.29
e in the case of adsorption on one side. The lowest ad-
sorption energy indicates that adhesion of graphene
flakes is improved via interflake TCNQ molecules. These
calculation results supported the model of RGO +
TCNQ complex films as shown in Figure 3b. The ana-
lysis on distribution of the lowest unoccupied molecular
level (LUMO) and the highest occupied molecular level
(HOMO) suggests that LUMO is delocalized over
π orbitals of graphene and HOMO shows strong
localization on TCNQ molecule as shown in Figure 5.
This confirms that charge transfer between TCNQ and
graphene occurs. Furthermore, the electronic states ofTable 1 Summary of calculation results for TCNQ/
graphene charge transfer systems








0.16 0.25 0.29 0.26 0.47 0.56
Sheet carrier conc.
(1013 cm−2)
1.86 1.32 0.86 3.08 2.48 1.68
Distance [Å} 3.06 2.90 3.02 3.11 2.99 3.10
Absorption energy
(kcal mol−1)
−32.91 −38.86 −34.25 −67.72 −74.86 −66.14
Values in italics under the 6 × 6 both configuration show the lowest
adsorption energy.
Figure 5 Plots of wave functions of LUMO and HOMO levels. (a) Plot of the wave function of the LUMO level in TCNQ/graphene system at Γ
point. LUMO is delocalized over π orbitals of graphene. (b) Plot of the wave function of the HOMO level shows strong localization on TCNQ
molecule. Red and green lobes are of equal amplitude and opposite sign.
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mized configurations. Total density of states (DOS) of
TCNQ/graphene showed clearly strong acceptor levels
at 0.3 eV below the Dirac point, resulting in the finite
DOS close to the Fermi level. This suggested adsorbed
TCNQ depleted the electrons from valence bands of gra-
phene. Another important feature was the projected
density of states (pDOS) of graphene around the Dirac
point. The pDOS was not significantly affected by the
adsorption of TCNQ even though the conductivity of
graphene can be reduced by added charged impurities
from adsorbed TCNQ as shown in Figure 6. This result
does not conflict to the data of electrochemical top-
gated transistor study [39].
We verified the effects of doping on the electrical
properties of graphene, and demonstrated the huge po-
tential of transparent conductive graphene films. No
dominant changes were observed in the optical transmit-
tance spectra after doping, except for the appearance of
a slight adsorption around 500 nm by TCNQ molecules
[27]. The sheet resistance, Rs, as a function of transmit-
tance at 550 nm is summarized in Figure 7. Due to car-
rier doping via the CT interaction from TCNQ, theFigure 6 Total and projected DOS (pDOS) for TCNQ/graphene
system. Red and black lines correspond to total DOS and graphene
pDOS, respectively. Fermi level is set to zero.sheet resistance of the RGO + TCNQ complex films
drastically decreased by two orders of magnitude with-
out significant degradation of the optical transparency as
a result of increasing the sheet carrier density from
1.02 × 1010 cm−2 to 1.17 × 1012 cm−2 estimated from Hall
measurement. Doping stability with time evolution at
room temperature under ambient atmosphere was mon-
itored. Rs increased by less than 10% after 1 year,
whereas it increased by up to 40 % after 20 days in the
case of AuCl3 which showed one of the highest doping
effect [19]. Thermal stability of our doped films was ex-
amined by stepwise annealing from 100°C to 250°C
under vacuum. The doping effect was preserved after
annealing even at 250°C without any remarkable degrad-
ation. This result indicates higher thermal stability than
F4-TCNQ [34]. Those stabilities are quite critical issue
of doping technique in any application fields. Finally,
our chemical doping method was tried by dipping chem-
ical vapor deposition (CVD) graphene purchased fromFigure 7 Sheet resistance of different films as a function of
optical transmittance at 550 nm. Pristine RGO films (black
squares), doped RGO films by surface adsorption (blue triangles),
and RGO + TCNQ complex films (red circles). The sheet resistance of
the RGO + TCNQ complex films decreased drastically by two orders
of magnitude, without degradation of optical transparency, which
was a more drastic change than the case of doping by
surface adsorption.
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ized TCNQ in order to show that our method can be
adapted also for CVD graphene. The sheet resistance of
the doped CVD graphene decreased to 400 Ω from 1.2 k
Ω at 97% of optical transparency. Our doping method
exhibits the compatibility with the CVD graphene-based
transparent conductive films.
Conclusions
We developed a novel method for the carrier doping of
graphene using radical-assisted conjugated organic mol-
ecules in the liquid phase. The absorbance data and the
Raman spectra results indicated strong charge transfer
interactions between RGO and TCNQ. The high doping
efficiency of our method was demonstrated as an im-
provement in sheet resistance by two orders of magni-
tude, without degradation of the optical transparency.
First-principles calculation predicted the model of our
doping mechanism and the origin of high doping effi-
ciency. Furthermore, the doping effect was quite chem-
ically stable. The doped chemically derived graphene
films fabricated by all-wet process have huge potential as
an alternative material for transparent conductive films
in low-cost and low-temperature processes.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
RI designed and conducted all experiments and characterization and drafted
the manuscript. PK, MB, and YK helped in technical support for experiments
and drafting the manuscript. Both AS and MK have read and approved the
final manuscript. All authors read and approved the final manuscript.
Acknowledgements
This work was conducted as part of the Tokyo Tech Global COE Program on
Evolving Education and Research Center for Spatio-Temporal Biological
Network based on a grant from the Ministry of Education, Culture, Sports,
Science, and Technology, Japan. The natural graphite powder used in this
study was donated by SEC Carbon Ltd.
Author details
1Department of Electrical and Electronic Engineering, Tokyo Institute of
Technology, 2-12-1 O-okayama, Meguro, Tokyo 152-8552, Japan.
2Electronics-Inspired Interdisciplinary Research Institute (EIIRIS), Toyohashi
University of Technology, 1-1 Hibarigaoka, Tempaku-cho, Toyohashi, Aichi
441-8580, Japan. 3Department of Physical Electronics, Tokyo Institute of
Technology, 2-12-1 O-okayama, Meguro, Tokyo 152-8552, Japan.
4Photovoltaics Research Center (PVREC), Tokyo Institute of Technology,
2-12-1 O-okayama, Meguro, Tokyo 152-8552, Japan.
Received: 12 November 2013 Accepted: 7 December 2013
Published: 19 December 2013
References
1. Novoselov KS, Geim AK, Morozov SV, Jiang D, Zhang Y, Dubonos SV,
Grigorieva IV, Firsov AA: Electric field effect in atomically thin carbon
films. Science 2004, 306:666–669.
2. Berger C, Song ZM, Li TB, Li XB, Ogbazghi AY, Feng R, Dai Z, Marchenkov
AN, Conrad EH, First PN, de Heer WA: Ultrathin epitaxial graphite: 2D
electron gas properties and a route toward graphene-based nanoelec-
tronics. J Phys Chem B 2004, 108:19912–19916.3. Zhang YB, Tan YW, Stormer HL, Kim P: Experimental observation of the
quantum Hall effect and Berry's phase in graphene. Nature 2005,
438:201–204.
4. Geim AK, Novoselov KS: The rise of graphene. Nat Mater 2007, 6:183–191.
5. Ishikawa R, Bando M, Wada H, Kurokawa Y, Sandhu A, Konagai M: Layer-by-
layer assembled transparent conductive graphene films for silicon thin-
film solar cells. Jpn J Appl Phys 2012, 51:11PF01.
6. Bolotin KI, Sikes KJ, Jiang Z, Klima M, Fudenberg G, Hone J, Kim P, Stormer
HL: Ultrahigh electron mobility in suspended graphene. Solid State
Commun 2008, 146:351–355.
7. Becerril HA, Mao J, Liu Z, Stoltenberg RM, Bao Z, Chen Y: Evaluation of
solution-processed reduced graphene oxide films as transparent conduc-
tors. ACS Nano 2008, 2:463–470.
8. Yamaguchi H, Eda G, Mattevi C, Kim H, Chhowalla M: Highly uniform
300 mm wafer-scale deposition of single and multilayered chemically
derived graphene thin films. ACS Nano 2010, 4:524–528.
9. Stankovich S, Dikin DA, Dommett GHB, Kohlhaas KM, Zimney EJ, Stach EA,
Piner RD, Nguyen ST, Ruoff RS: Graphene-based composite materials.
Nature 2006, 442:282–286.
10. Chun-Hua L, Huang-Hao Y, Chun-Ling Z, Xi C, Guo-Nan C: A graphene plat-
form for sensing biomolecules. Angewandte 2009, 48:4785–4787.
11. Loh KP, Bao QL, Eda G, Chhowalla M: Graphene oxide as a chemically
tunable platform for optical applications. Nat Chem 2010, 2:1015–1024.
12. Loh KP, Lu J, Yang JX, Wang JZ, Lim AL, Wang S: One-pot synthesis of
fluorescent carbon nanoribbons, nanoparticles, and graphene by the
exfoliation of graphite in ionic liquids. ACS Nano 2009, 3:2367–2375.
13. Eda G, Chhowalla M: Chemically derived graphene oxide: towards large-
area thin-film electronics and optoelectronics. Adv Mater 2010,
22:2392–2415.
14. Huang JX, Kim J, Cote LJ, Kim F: Visualizing graphene based sheets by
fluorescence quenching microscopy. J Am Chem Soc 2010, 132:260–267.
15. Wang XR, Li XL, Zhang L, Yoon Y, Weber PK, Wang HL, Guo J, Dai HJ: N-
doping of graphene through electrothermal reactions with ammonia.
Science 2009, 324:768–771.
16. Wei DC, Liu YQ, Wang Y, Zhang HL, Huang LP, Yu G: Synthesis of N-doped
graphene by chemical vapor deposition and its electrical properties.
Nano Lett 2009, 9:1752–1758.
17. Chen JH, Jang C, Adam S, Fuhrer MS, Williams ED, Ishigami M: Charged-
impurity scattering in graphene. Nat Phys 2008, 4:377–381.
18. Wehling TO, Novoselov KS, Morozov SV, Vdovin EE, Katsnelson MI, Geim AK,
Lichtenstein AI: Molecular doping of graphene. Nano Lett 2008, 8:173–177.
19. Lee YH, Kim KK, Reina A, Shi YM, Park H, Li LJ, Lee YH, Kong J: Enhancing
the conductivity of transparent graphene films via doping.
Nanotechnology 2010, 21:285205.
20. Khrapach I, Withers F, Bointon TH, Polyushkin DK, Barnes WL, Russo S,
Craciun MF: Novel highly conductive and transparent graphene-based
conductors. Adv Mater 2012, 24:2844–2849.
21. Blake P, Brimicombe PD, Nair RR, Booth TJ, Jiang D, Schedin F, Ponomarenko LA,
Morozov SV, Gleeson HF, Hill EW, Geim AK, Novoselov KS: Graphene-based
liquid crystal device. Nano Lett 2008, 8:1704–1708.
22. Tongay S, Berke K, Lemaitre M, Nasrollahi Z, Tanner DB, Hebard AF,
Appleton BR: Stable hole doping of graphene for low electrical resistance
and high optical transparency. Nanotechnology 2011, 22:425701.
23. Das B, Voggu R, Rout CS, Rao CNR: Changes in the electronic structure
and properties of graphene induced by molecular charge-transfer.
Chem Commun 2008, 41:5155–5157.
24. Subrahmanyam KS, Voggu R, Govindaraj A, Rao CNR: A comparative Raman
study of the interaction of electron donor and acceptor molecules with
graphene prepared by different methods. Chem Phys Lett 2009, 472:96–98.
25. Blochwitz J, Pfeiffer M, Fritz T, Leo K: Low voltage organic light emitting diodes
featuring doped phthalocyanine as hole transport material.
Appl Phys Lett 1998, 73:729–731.
26. Voggu R, Das B, Rout CS, Rao CNR: Effects of charge transfer interaction of
graphene with electron donor and acceptor molecules examined using
Raman spectroscopy and cognate techniques. J Phys-Condens Mat 2008,
20:472204.
27. Ishikawa R, Bando M, Morimoto Y, Sandhu A: Doping graphene films via
chemically mediated charge transfer. Nanoscale Res Lett 2010, 6:111.
28. Soler JM, Artacho E, Gale JD, Garcia A, Junquera J, Ordejon P, Sánchez-Portal
D: The SIESTA method for ab initio order-N materials simulation.
J Phys-Condens Mat 2002, 14:2745–2779.
Ishikawa et al. Nanoscale Research Letters 2013, 8:534 Page 7 of 7
http://www.nanoscalereslett.com/content/8/1/53429. Perdew JP, Zunger A: Self-interaction correction to density-functional ap-
proximations for many-electron systems. Phys Rev B 1981, 23:5048–5079.
30. Kleinman L, Bylander DM: Efficacious form for model pseudopotentials.
Phys Rev Lett 1982, 48:1425–1428.
31. Chen C, Iino M: Observation of the interaction of TCNQ with coal
aromatics by UV-visible spectroscopy. Energy Fuels 1999, 13:1105–1106.
32. Yuge R, Yudasaka M, Maigne A, Tomonari M, Miyawaki J, Kubo Y, Imai H,
Ichihashi T, Iijima S: Adsorption phenomena of tetracyano-p-
quinodimethane on single-wall carbon nanohorns. J Phys Chem C 2008,
112:5416–5422.
33. Chappell JS, Bloch AN, Bryden WA, Maxfield M, Poehler TO, Cowan DO:
Degree of charge-transfer in organic conductors by infrared-absorption
spectroscopy. J Am Chem Soc 1981, 103:2442–2443.
34. Coletti C, Riedl C, Lee DS, Krauss B, Patthey L, von Klitzing K, Smet JH, Starke
U: Charge neutrality and band-gap tuning of epitaxial graphene on SiC
by molecular doping. Phys Rev B 2010, 81:235401.
35. Lu YH, Chen W, Feng YP, He PM: Tuning the electronic structure of
graphene by an organic molecule. J Phys Chem B 2009, 113:2–5.
36. de Parga ALV, Barja S, Garnica M, Hinarejos JJ, Martin N, Miranda R: Self-
organization of electron acceptor molecules on graphene.
Chem Commun 2010, 46:8198–8200.
37. Pinto H, Jones R, Goss JP, Briddon PR: Mechanisms of doping graphene.
Physica Status Solidi a-Appl Mat Sci 2010, 207:2131–2136.
38. Chen W, Chen S, Qi DC, Gao XY, Wee ATS: Surface transfer p-type doping
of epitaxial graphene. J Am Chem Soc 2007, 129:10418–10422.
39. Das A, Pisana S, Chakraborty B, Piscanec S, Saha SK, Waghmare UV,
Novoselov KS, Krishnamurthy HR, Geim AK, Ferrari AC, Sood AK: Monitoring
dopants by Raman scattering in an electrochemically top-gated
graphene transistor. Nat Nanotechnol 2008, 3:210–215.
doi:10.1186/1556-276X-8-534
Cite this article as: Ishikawa et al.: Radical-assisted chemical doping for
chemically derived graphene. Nanoscale Research Letters 2013 8:534.Submit your manuscript to a 
journal and beneﬁ t from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁ eld
7 Retaining the copyright to your article
    Submit your next manuscript at 7 springeropen.com
